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By Eenjamin P. Ruffner and Calvin L. Schmidt 

Stress concentration factors for shear stresses around 
cut-outs in the webs of beams having shear resfstant webs 
were determined by the photoelastic method. Webs with cir- 
cular, square, and rectangular cut-outs wera tested. The 
effect of reinforcements around square and circular cut-outs 
was investigated. Results indicate that square and rectan- 
gular cut-outs having two sides parallel to the neutral axis 
of the beam should be avoided whenever possrble. Circular 
cut-outs and square cut-outs, with @ides at 45' to the neu- 
tral axis, produced lower stress concentration factors than 
the other two types. 

INTRODUCTION 

Cut-outs in shear webs occur frequently in aircraft 
structures. These are often desirable ES lightenfng holes 
in web areas not hfghly stressed. In other regions cut-outs 
are necessary for installati% of equipment. The purpose of 
this investigation was to determine the most efficient shape 
of cut-out and to determine the maximum stress concentration 
factors induced by various cut-outs. The photoelastic 
method was used for the fnvgstigation because the region of 
maximum stress and the amount of maximum stress is readily 
determinable by this method. values for stress concentra- 
tion factors determined by-this method are, however, appli- 
cable only in the elasticrange. 

This investigation, conducted at Oregon State College, 
was sponsored by and conducted with the financial assistance 
of the National Advisory Committee for Aeronautics. 
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length of re.ctangular cut-out, inches (See fig. 14.) 

height of rectangular cut-out, Inches (See fig.--&?,) 

inner diameter of circular cut-out, inner width of square 
cut-out, inches (See figs. 7, 12, 13., 15.) 

effective diameter of cut-out, that is, diameter of cir- 
cular hole of same area as cut-out under consid.era- 
tion, inches 

outer diameter of circular reinforcement, outer width of 
square reinforcement, inches (See figs. 16, 17.) 

width of metal flange on beam models, inches (See fig. 11.) 

height of Bakelite web, inches (See fig. 11.) 

distance between pins supporting shear-web models, inches 

span of beams, inches 

fringe order 

inner radius of corners on square and rectangular cut- 
out 5, inches (See figs. 13, 14, 15, 17.) 

outer radFua of reinforcement of square holes, inches 
(Se'e fig. 17.1' 

thickness of Bakelite web, 
(See fig. 6.) 

nonreinforced models, inches 

thickness of Bakelite webs, nonreinforced areas, inches 
(See fig. ?.) 

thickness of reinforced section of Bakelite web, inches 
(See fig. 7.1 

distance from neutral axis of beam, inches (See fig. 11.) 

stress-optic coefficient, Srewstere 

modulus of elasticity, pounds per square inch 

stress concentration factor 
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I moment of inertia of beam, inches' . 

=1 A3 constants 

M 

R 

P 

W 

a 

B 

7 

CT 

bending moment, inch-pounds 

radius of curvature (fig. 11) 

load, pounds 

load, pounds 

ratio r&z 

ratio ai,/% 

shear stress, pounds per square inch 

normal stress, pounds per square inch 

3 

01 ? (23 principal stresses, pounds per square inch 

E unit tensile strain, pounds per square inch 

h wavelength of monochromatic light used in polariscope, 
angstrom units 

Subscripts 

B Bakelite 

M metal 

MODELS - TEST METHODS 

General 

Beam models were constructed with webs of Bakelite 
131 61-893 and with flanges of brass, The construction of 
the models is described fn subsequent paragraphs. The meth- 
ods used for forming and finishing the Bakelite are described 
in detail fn reference'l: 

In order to obtain physical properties of the materials, 
needed in the analysis of beam results, models 1, 2, and 5 
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were used. The flanges of all models were identical and 
were cut from the same brass sheet used for the tension test 
specimen, model 1. For the Bakelite webs two different 
sheets of bakelite stock were used. A calibration specimen 
was cut from each sheet, 

Determination of Physical Properties of Materials 

In figure 1 is shown the tension teat specimen used for 
determination of the modulus of elastfcitp of brass. Strain 
measurements were obtained by use of Huggenberger tensometers. 
Results of this test are given in table I and figure 2. The 
modulus of elastfcity of the brass was found to be 16.55 x 10' 
psi. Model 2 (shown in fig. 1) was used for the tension test 
of the Bakelite. Results of this test are shown in table II 
and figure 3. 
6.72 x lo5 psi. 

The modulus of elasticity of the Bakelite was 

If CT1 and 0e are the principal stresses at any point 
in a photoelastic .model, the fringe order n, at this point, 
is proportional to C1 - 0,. The constant of proportionality 
is a function of the thickness of the specimen in the direc- 
tion of the light rays, the wavelength of the light used, and 
the stress-optic coefficient. 

The stress-optic coefficient C is defined by: 

C nh = (1) 
1.752 t(ol - Q) 

For a particular model, using a fixed‘wavelength of light, 
write: 

ffl - ca = Kn (2) 

The stress-optic coefficient C shows some variation 
.in different sheets of the material. For this reason, tests 
to determine C were made on models 2 and 5. Drawings of - 
these models are shown on figure 1. These were testes as 
simple beams loaded as shown in figures 4 and 5. At section 
A-A of these beams the only stresses present are normal 
stresses parallel to the sides of the beam. The shear is 
zero and no stress perpendicular to the beam axis is present. 
Therefore, there is obtained from equation (11, since aa = 0, 
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-n A 
0; = - 

I 1,752 (t&C) 

or 

c 
-nh I 

= 1.752 (tB)(Y) M 
(3) 

The bending moment M was determined from the condi- 
tions of load9ng. The moment of inertia I was calculated 
from the model dimensions. The wavelength of light h used 
in these tests was 5461 angstrom units. The fringe order n 
was plotted against distance y from the neutral axis. 
Values of. y were measured from fringe photographs. Fringe 
patterns for these tests are shown on photographs 6 and 74. m-m.\ - 
(See fig. 18.) The data obtained from these photographs are 
shown in tables III and IV and plotted on figures 4 and 5. .- 
Since the ratio n/Y was a constant, the value.of G may be 
found from equation (3). The stress-optic coefficient for 
model 2 was 35.8 Brewsters. This value was used on models 3, 
4, 9, 10, and 11, which were all cut from the same sheet. 

s' The stress-optic coefficient for 'model 5 was 33.9 Brewsters. - 
This value was used in calculations of results obtained from 
models 6 and 7, cut from the other sheet stock. 

Descriptfon of Beam Kodels 

Beam models were aonstructed with Bakeli.te webs'. The 
same brass flanges were used for all models. In figure 6 
is shown a drawing applicable to all models with nonrein- 
forced cut-outs. Sizes and shapes of cut-outs are described 
in detail fn tables and curves giving results of tests. The 
models of reinforced cut-outs were formed by cutting down 
the thickness of the Bakelite sheet except in the areas used 
to represent reinforcements. Drawings of reinforced cut-out 
models are shown in figures 7 and 8. 

.- 
.- 

Each web model was tested wtth a number of different 
cut-out sfzes and shapes. The cut-outs may, however, be 
separated into six different types: 

w' 
1. Nonreinforced c.ircular cut-outs 

2. Nonrefnforced square cut-outs with varying fillet 
radii in the corners and with varsous widths of squares. In 
this series two siaes of the squares were parallel to the 
neutral axis of the beam. 
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3. Nonreinforced rectangular cut-outs with varying 
fillet radii, varying ratios of width to height of rectangle, 
and varying ratio6 of height of redtangle to depth of beam. 
Two sides of the rectangle were parallel to the neutral atis 
of the beam. . 

4. Nonreinforced square cut- outs with varying fillet 
radii and varying ratios of width of squares to depth of 
beam. The sides of the square were set at 45O to the neu- 
tral axis of the beam. 

5. Reinforced circular cut-outs with constant outer 
diameter of reinforcement of 0.47 times the aepth of the 
beam. The inner diameter of the cut-outs was varied from 
0.167 to 0.375 times the depth of the beam. 

6. Reinforced square cut-outs with constant inner di- 
mensions. The outer width of the reinforcement dimension 
was varied from 0.243 to 0.916 times the beam depth. The 
sides of the square were at 45" to the neutral axis of the 
beam. .- 

Method of Loading Models 
c 

i 

Figure 9 shows a photograph of a model set up for test. 
Figure 10 is a sketch showing the geometry of the loading 
system. The models were tested as cantilever beams with 
half the load at the right end applied on the upper flange. 
In order to split the vertical reaction on the left end into 
two equal components, the model was held by a pin through 
the lower flange and loading frame. The upper support on _.. 
the left end was a tension member. The angle 6 at which 
this member was set to the horieontal was adjusted so that 
the vertical component of tension in the member was equal to 
P/2. This condition was obtained (see fig. 10) by making 
tan 8 = k/22. It is believed that this arrangement of the 
supports gives a more symmetrical distribution of shear 
stress in the webs than if no attempt were made to distribute 
the loads and reactions equally between the upper and lower 
flanges. 

On all tests, the polariscope in the photoelastic lab: 
oratory at Oregon State College was used. The light source 
consisted of a mercury vapor lamp. Light filters were used 
so that a monochromatic light of wavelength 5461 angstrom 
units illuminated the field. Fringe patterns for ~11 tests 
were recorded by means of photographs. Photographs were 
numbered in the order in which they were taken. A few typir. 
Cal fringe photographs used in this report are shown in 
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figure 19. The numbering system used on these includes four 
numbers. The first is the photograph number, the second is 
the model number, the third is the test number, and the 
fourth is the load in pounds. E'or instance, a photograph 
numbered 118-9-6-400 indicates photograph 118, model 9, test 
series 6,and load of 400 pounds. A few photographs number6 
are omitted from the report for various reasons. When sev- 
eral exposures of the same test condition were made, only 
the clearest of these was included. Several times, photo- 
graphs were taken with the polariscope adjusted for plane 
polarized light. All fringe photographs included in this 
report were taken with circularly polarized light, with 
quarter-wave plates crossed, unless otherwise noted. Some 
photographs were taken with the quarter-wave plates set par- 
allel. 

RESULTS AND ANALYSIS OF TESTS 

Distribution of Shear Stress in Uncut Webs 

In beams having relatively stiff flanges and thin webs, 
it may be assumed that the shear stress in the web is con- 
stant from the top to the bottom flange of the beam. In 
cases, however, where the bending stiffness of the web 3.8 
appreciable, the shear stress varies with distance from the 
neutral axis. In the models tested some variation of shear 
stress occurs on the Bakelite web. This shear stress could 
have been obtained photoelastically, but, for purposes of 
definition of the stress concentration factor, the maximum 
shear stress in the uncut web was determined by calculation. 
Of interest in this report is the maximum shear stress at 
the neutral axis in the uncut web. This was used as a basis 
for the computation of the stress concentration factors. 
When the flanges and the web are constructed of materials of 
different elastic properties, the formula for maximum shear 
stress is complicated somewhat. If figure 11 is referred to 
for the notation, the equation for stresses in the beam mod- 
els may be written as: w 

lE1)eff 

CT* = -MYa, 
(5) 

('I)eff 



NACA TN No. 984 

where 

(=le,f = ‘BIB + E$&j 

8 

(6) 

IB moment of inertia of Bakelite web about beam neutral 
axis 

IM moment of inertia of metal flanges about beam neutral 
axis 

Equation (5) is, of course, valid only for values of y 

from e - hi) to % and from -(% i hi) to - %. 

The shear stress Tmax in the Bakelite web, at the 
neutral axis is given by 

P 
7 max = 

h2 
2 

'BtB 8 )I (7) 
tB(EL)eff 

For any particular model, equation (7) may be put in the form: 

Tmax = %P 03) 

In table V are shown computations of K, for the vari- 
ous models tested. It should be noted that equations (4) to 
(8) are applicable only to beams constructed with a web of 
rectangular cross section, having two rectangular members 
acting as flanges at the top and bottom of the beam. 

Determination of Stress Concentration Bactor F 

The stress concentration factor F is defined as the 
ratio of the maximum shear stress, at any point in the web 
of a model, to the computed maximum shear stress at the neu- 
tral axis for the same model with no cut-out. The maximum 
shear stress at any point in a plane stressed body is given 

by T= Ql - c2 

2 l 

Therefore, from equation (2): 
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7 K z-n 
2 

=r,.J-i 

9 

(9) 

The constant K, is, from equations (1) and (2), 
s 

K, = 
h 

1.7532) (tB) c 

Since the wavelength of light h was equal to 5461 angstrom units 
in all tests, this may be written: .- - 

K, = 5461 1 - 1559 
l/752(2) s tBC 

In table VI are values of K, computed for the various models. 

The maximum shear stress, in the models v;ith cut-outs, occurred 
at some point on the boundary of the cut-outs. On each fringe photo- 
graph is marked the point of maximum she-r stress and the fringe order 
at this point. 

The stress concentration factor may then be written: 

F 
=p 

FL p 
W) 

when n is the maximum fringe order onthe photograph for the test 
of the cut-out model. 

Equations (8), (91, and (11) are applicable in the region r:hore 
Hookels law applies. If the stress in the Bakelite exceeds the 
elastic limit these are no longer valid. In all tests, however, the 
maximum fringe order n gdve stresses b~lo?- the elartic limit of 
the material used. 

Definition of Effective Diameter of Cut-Outs 

In order to compare the stress concentration factors for the 
various cut-outs, the effective diameter die is 
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introduced. This is the diameter of a circular cut-out of 
h the same area as the cut-out under consideration. For rec- 

tangular cut-outs,this is: 

i 
1.1286 = 1.128,/a% - 0.8584 rc2 (12) 

For square hole8 ab = dia; 60 equation (12) becomes: 

aie = l.128Jdi" - 0.8584 rc2 (ld 

For circular holes die = ai. 

Wherever possible, results of tests were plotted in non- 
dimensional form. The factor ir is nondimensional. Dimen- 
sions of cut-outs were divided by the height of the web hs * 
to put these in nondimensional form. The ratio aie/h2 Is 
denoted by B. 

x- 

Tests of Nonreinforced Circular Cut-Outs 

A large number of tests of circular cut-outs were made. 
These were used to establish the curve of stress concentra- 
tion factor against ratio of diameter to depth of web. The 
plot of these in figure 12 also gives an indication of the 
accuracy of the test methods if the dispersion of the. points 
is considered. The fringe order n was obtained for each 
test by ccunting the fringes as they appeared during loading: 
In some cases fringes are so close together near the region 
of maximum fringe order that examination of the fringe pho- 
togra$hs under a microscope was necessary to determine n. 
In general, the results are accurate to within plus or minus 
one fringe order. In a few cases, owing to residual optical 
effects on the edge of the cut-outs, the value of n may be 
in error as much as two fringes. However, if the model 
shows no "edge effects!* (reference 3) in the unloaded condi- 
tion, the value of n may be determined to a fraction of a 
fringe order. It is believed that this curve as drawn in 
figure 12 represents the stress concentration factors within 
an error of 3 percent at any point. 

In table VI1 and figure 12 are given the results of the 
nonreinforced circular cut-out tests. Timoshenko (reference 



NACA TN No. 984 11 

2) gives the theoretical solution for the stress concentra- 
tion factor for a circular hole in an infinite plate under 
uniform shear. This indicates that F = 2.0 at the point 
of maximum stress. The curve of figure 12 shows that as the ' 

i , diameter of the circular cut-out approaches zero the stress 
concentration factor approaches the theoretical value. 

. I’ 

. 

At the smaller values of B it is believed that re- 
sults shown on figure 12 are quite accurate. At higher9 val- 
ues the results may be influenced to some extent by the size 
and shape of the flange members. However, for these large 
cut-out 8, the factors as given should be safe for use in de- 
sign. 

The region of highest stress, at the circular cut-out-‘ 
boundaries, occurred in all test6 at points approximately 
45O from the neutral axis of the beam. If stresses aus only 
to shear and none due to bending were present, the fringe 
patterns would be symmetrical about the vertical axis through 
the center of the circular cut-out. Owing, however, to the 
presence of some stress in the web due to bending, this was 
not the case. For this reason, stress concentration factors 
given here are probably slightly conservative for -pure shear 
webs. Even for large cut-outs, however, such as shown on 
photograph 152, the fringe pattern is very nearly symmetrical. 
Therefore, the degree of error in the stress concentration 
factor from this cause should be small. 

In order to investigate the effect, if any, of the depth- 
sgan ratio of the web, model 9 was constructed with a web 
deeper than that used on other models. The results of this 
test plot quite well on the faired curve. This indicates 
that the results obtained for stress concentration factors 
are dependent on 9 but not, at least in the regions tested, 
on the ratio of h, to the span of beam. It is believed 
that this is sufficient experimental verification to justify 
the use of the curve plotted in figure 12. 

In order to obtain an empirical formula to represent the . 
curve of figure 12, it was assumed that this could be repre- 
sented by a cubic of the form: 

F = a, + al@ '+ aaP2 + a3B3 (14) 

A least square analysis of the faired curve was used to de- 
termine the values of the-constant, 

a,* a1 t a,, and a3. 
The following empirical formula, thus determined: 
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F = 2.000 + 4.214 $ - 3.46 $2 + 12.5 B3 (15) 

gives a good approximation to the faired curve in the region 
from S = 0 to 6 = 0.7. 

Tests of Nonreinforced Square Cut-Outs with Sides of .- 

Squares Parallel to Neutral Axes of Beams 

In these tests the. stress was found to be highest at the 
corners of the squares. The stress concentration factor was - 

determined to be a function of ct = 5, as well a6 S = ai, . 
h2 ha 

A square hole with a = $B is identi cal to a circular hole 

of radius rc. The results of this series of tests are given 
in table VIII and figure 13. Since the curves of figure 13 

aie are plotted against 8 = -, 
ha 

cut-outs of the same area are 

all found on the same vertical lines. The straight lines rep- 
resenting stress concentration factors for the square holes 
with constant values of a were first plotted for values of 
& a8 tested. It was then fauna that these straight lines 
would fair the data quite well if all were drawn from the same 
point F = -8.84 and .S = -0.594. A series of straight lines 
for various values of ct were then plotted. An empirical 
formula representing the slope of these lines was found by a 
least square analysis. This is; 

dF 
- = 18.22 - 
dB 

42.85 ot + 81.6 aa' (16) 

When equation (16) was combined with equation (15). the fol- 
lowing empirical equation for the stress concentration fac- 
tor F as a function of a and B was obtained: 

F = 2.000 - 28.012 a + 71.86 aa - 63.2 a3 

+ (18.22 - 42.85 a + 81.6 a2)B (17) 
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This formula is accurate iln the region @ = 2 OL to 
= 0.50. It can be used with fair accuracy for Values Of 

up to 0.600 but should not be trusted to give correct val- 
ues of 2 for 9 greater than 0.6. Thfs is an empirical 
formula based on experimental results in the region B = 0 
to p= 0.5 and has no rational basis that justifies its Us8 
for the larger values of B. While equation (17) may give 
accurate values at higher values of &, no experimental evi- 
dence in this study is available to prove this. 

The results of these tests indicate that, wherever pos- 
sible, the use of square holes, wfth two sides parallel to 
the neutral axis of the beam, should be avoided. 

Tests of Nonreinforced Rectangular Cut-Outs 

. 

The results of rectangular cut-out teats are given in 
table IX and figure 14. These indicate that, when the height 
of cut-out b is large, the stress concentration factor in- 
creases more rapidly with B than at the smaller values of b. 

In figure 14 the slopes of these stress concentration 

curves are plotted against F for p 1.0. An approximate 
expression for this is: 

dT 

7-l 

-= 
a & -1'26 + Oe7' F(a/b)= lea 

b 
(18) 

The s*tress concentration factor is then: 

F.w 1.26 + 0.21 F(a/b)=l + 0.79 F(a/'b)=L - 1.26 > 
$ (19) 

i 

where '(a/b)=l.o is the stress concentration-factor for the 

square cut-out with - = J?- di 
ha hz 

and with a the same as for 

the rectangular cut-out. This empirical formula fits the 
test data with good accuracy. On figure 14 faired teat 
curves and plots of equation (19) are shown for comparison. 

In these tests stress concentration factors were high, 
indicating that rectangular cut-outs should be avoided 
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. 
whenever possible. No teats were made with a/b ratio8 leas 
than 1.0. It appears reasonable to expect, however, that the 
empirical formula (equation (19)) will be applicable-at a/b 
ratios of somewhat less than 1.0. 

L 

Tests of Bonreinforced Square Cut-Outs with Sides of 

Squares at 45O to Beam Flanges 

Since, in the circular cut-out teats, the maximum stress 
occurred at points 45 o from the diameter parallel to the beam 
flanges, it appeared desirable to teat cut-outs with the ra- 
dius increased at these points. This was accomplished by 
making square cut-outs as illustrated on figure 15. The re- -.-. 
aults of these tests are given in table X and figure 15. The 
corner radius ratio a was used as abscissa and values of S 
were used as parameters for plotting these results. It is 
Interesting to note here that small radii in the corners are 
desirable for small ratios of S. The photogragha of the 
fringe patterns for these teats show that the maximum stress 
does not occur at the corners but at points on the sides of 
the squares near the corners. An examination of these photo- 
graphs also shows that areas of high stress are relatively 
small as compared to areas of high stress on circular cut- 
outs and square cut-outs having two aides parallel to beam 
neutral axis. 

The curves of figure 15 are the result of cross plots. 
First, F was plotted against 8 for constant values of a 
and the experimental results faired. These curves weYe then 
replotted with 8 as parameter and a as abscissa. The 
experimental points, with corresponding photograph numbers, 
are marked on the curves for comparison with table X and 
fringe photographs. 

Teats of Reinforced Circular Cut-Outs 

Results of tests of reinforced cut-outs are shown in c table XI and ffgure 16. In this series the reinforcement 
was also circular. The outer diameter of the reinforcement 

* was kept constant at a do/h2 ratio of 0.470. The inner 
diameter was varied from 0.167 to 0.375 ha. The reinforce- -- 
menta, if fully effective, might be expected to reduce the 
stress concentration factor at the edge of the hole inversely 
as the ratio of the thickness of the reinforced area to the 
thickness of the nonreinforced web. Thfa, however, is not 
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the case, as an examination of figure 16 will show. The max- 
imum stress concentration factor in the reinforced sections 
averages approximately 20 percent higher than if the rein- 
forcement were fully effective. It is of interest that a 
fairly narrow reinforcement appears to be as effective in the 
reinforced section as a fairly wide reinforcement. Since the 
maximum stress occurs on a relatively small area of the 
boundary of the cut-out, the reinforcement of this area ap- 
pears to be the most important factor in reducing the maxi- 
mum shear stress at the hole boundary. In practice, the pur- 
pose of this reinforcement would be to increase the stiffness 
around the cut-out as well as to decrease the stress concen- 
tration factor. Larger reinforcements might be advisable for 
that purpose. It is possible that the maximum stresses may 
be in the sheet at the boundary of the reinforcement rather 
than at the edge of the hole. 

Teats of Reinforced Square Cut-Outs with Sides of 

Squares at 45 o to Beam Neutral Axes 

In this series the inner dimensions of the cut-out were 
kept constant and the outer dimensions of the reinforcement 
were reduced in increments. The results of these tests ars 
given in table XII and figure 1'7. 

In figure 15 the value of F for S = 0.196 and 
a= 0.031 is 3.00. If the reinforcement were fully effec- 
tive, the stress concentration factor for the reinforced cut- 
out would be: 

tBX tg-- (3.00) = 
a 

“o*;;“o (3.00) = 1.28 
. 

The curve of figure 17 approaches this value as dO/b 
approaches 1.0. On these models the reinforcements act as 
beams in bending. The beam action of the reinforcements is' 
apparent upon examination of photographs 144, 149, and 160. 
These beams may be considered to transmit the principal 
stresses 01 and Q2, in the webs, around the cut-out by 
shear force in the beams. 

From figure 17 it appears that an economical reinforce- 
ment for such diagonal square holes would have a width equal 
to approximately half the width of the aide of the square. 
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The thickness of this could be such that the maximum shear 
w stress at the reinforced section is equal to or less than 

that in the uncut web. 

i 
CONCLUSIONS 

The stress concentration factors determined from photo- 
elastic test give a basis for design of lightening holes and 
cut-outs in shear-resistant webs. For webs in which allow- 
able stresses are determined by critical buckling stresses, 
the stress concentration factors can be used as a guide. In 
that case, regions where buckling is liable to occur are in- 
dicated by high stress. These regions may then be stiffened 
to prevent this. The empirical formulas derived are sug- 
gested for design use in the range of parameters for which 
they were determined. 

It is believed that the stress concentration factors 
obtained are accurate within 5 percent as long as the maxi- 
mum stresses are within the elastic range. Where yield of 
the material In the region of high stress occurs, the 
stresses will probably be redistributed so that the stress 
concentration factors given here will be conservative. If 
buckling of the web in the region of the cut-outs occurs, a 
redistribution of stress also will occur. If this happens, 
how6ver. the edges of the cut-out should be reinforced to 
prevent collapse of the web fn this region. 

The effect of web cut-outs on the effective stiffness 
of the beam as a whole cannot be determined photoelastically. 
However, from a study of the fripge photographs,the extent 
of highly stressed areas may be observed. If a large area 
around the cut-out is highly Stressed, the deformation of 
the web will be higher than if only small areas around the 
cut-outs are highly stressed. By this reasoning, the fol- 
lowing tentative conclusions as to the effect of web cut- 
outs on the stiffness of the beam may be drawn: 

I 1. Square and rectangular cut-outs; having two sides 
parallel to the neutral axis, not only showed high stress 
concentrations at the corners, but large areas in the vicin- 
ity of the cut-outs were also highly stressed, It appears 
from this that the stfffness of the beam as a whole would be 
considerably dimfnished if 6UCh cut-outs were Used. 

2. Circular cut-outs, and square cut-outs wfth sides of 
squares at 45' to the neutral axis, not only showed lower 
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stress concentration factors at the edges of the cut-out, 
but the areas of high stress were considerably Smaller. 
This indicates that the reduction in beam stiffness was less 
than for the other types. 

The stress concentration factors were based on values 
of maximum shear stress in the uncut web, calculated accord- 
ing to conventional methods. The results of tests should be 
applied as follows: 

1. The shear stress in the uncut web should be computed 
by.conventional methods. 

2. Sy use of the emDirica1 formulas or curves given in 
this'report, the stress concentration factor F should be 
determined. 

3. The maximum shear stress may then be obtained by 
multiplying F by the calculated value of shear stress ob- 
tained for the uncut web. 

If rainforcements are used only to reduce the value of 
the maximum stress at the edge of the cut-out, the results 
indicate that the consideratfon of the following ~911 lead 
to more efficient use of material: 

1. The width, in the plane of the web, of the reinforce- 
ment need not be greater than approximately half the width of 
the cut-out. Wider reinforcements do not cause appreciable 
reductions in the stress concentration at the edge of the 
cut-out. 

2. A thickness of reinforcing sheet-about 20 percent 
greater than the stress concentration factor tfmes the web 
thickness will reduce the maximum stress to a value approaoh- 
ing that in the uncut web. 

If the reinforcing material is Used to restore stiffness 
to the beam as ~611 as to reduce the local stresses, the 
thickness of the reinforcing material will probably be deter1 
mined from consideration of stress concentration; whereas 
the width of reinforcing material may be determined by con- 
siderations of stiffness. 

Oregon State College, 
Corvallis, Oregon, Augu6t 27, 1944. 
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BRASS TENSION SPECIMEN . 
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MODEL No. 2 
BAKELITE BT 61-893 

MODEL NO. 5 
BAKELITE BT 61-893 
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Figure 1.0 MoQels 1, a and 5. 
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